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Spin Polarized and Spin Coupled Systems. The OEC metal cluster has unpaired spins, and require spin-polarized methods. These systems are also spin-coupled, including both oxomanganese complexes and metal-radical ligand interactions. The spincoupled metal sites and/or metal-ligand radical interactions, are modeled by using spin polarized broken symmetry (BS) DFT methods. 4 In its current form, with recent density functional potentials and geometry optimization capability, BS-DFT is the most accurate approach available for these types of systems. BS-DFT also facilitates ligand field analysis for metal d d, charge transfer (ligand metal, metal ligand), and intervalence charge transfer (metal metal or ligand ligand) transitions.
Energy Evaluation.
Under the DFT QM/MM approach, the system is partitioned into a reduced system X (including the metal cluster and ligands) and region Y that includes the rest of the system. The total energy E is obtained, as recently reported, 1,2 by using the two-layer ONIOM Electronic-Embedding (EE) link-hydrogen atom method as implemented in Gaussian03:
5 E = E MM,X+Y + E QM,X -E MM,X , where E MM,X+Y is the energy of the complete system computed at the molecular mechanics level of theory, while E QM,X and E MM,X correspond to the energy of the reduced-system X computed at the QM and MM levels of theory, respectively. Electrostatic interactions between regions X and Y are included in the calculation of both E QM,X and E MM,X at the quantum mechanical and molecular mechanics levels, respectively. Thus, the electrostatic interactions computed at the MM level in E MM,X and E MM,full cancel and the resulting DFT QM/MM evaluation of the total energy involves a quantum mechanical description of the polarization of the reduced system due to the electrostatic influence of the surrounding protein environment.
Protein Polarization. Polarization of the protein active sites induced by the distribution of charge in the QM layer is introduced by correcting the atomic charges of amino-acid residues in close contact with the QM layer, according to the self-consistent polarization protocol MoD-QM/MM. 6 The accuracy and capabilities of the MoD-QM/MM method have been recently demonstrated in applications to benchmark calculations of polypeptide-ligand model systems as well as in conjunction with the Poisson-Boltzmann equation in applications to the description of protein-protein electrostatic interactions. 6 Geometry relaxation. Relaxed DFT-QM/MM molecular structures are obtained at the ONIOM-EE (B3LYP/lacvp,6-31G(2df),6-31G:AMBER) level of theory, as recently reported.
1,2,7 Some of these earlier studies have also addressed the capabilities and limitations of DFT with hybrid density functionals, including the Becke-3-LeeYangParr (B3LYP), as applied to studies of biomimetic high-valent metal complexes. 7 The calculations combine ONIOM-EE QM/MM methodologies, implemented in Gaussian03, 5 with high-quality initial-guess spin-electronic states generated with Jaguar 5.5. 8 The combined approach exploits important capabilities of ONIOM, including both the linkhydrogen atom scheme for efficient and flexible definitions of QM layers and the possibility of modeling open-shell systems by performing Unrestricted-DFT (e.g., UB3LYP) calculations. Region Y (i.e., the molecular structure beyond the QM layer) is described by the Amber MM force-field.
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Structural refinement based on polarized-EXAFS simulation. Refined (R)-QM/MM structural models are obtained by iteratively adjusting the molecular configuration of the cluster and directly coordinated ligands to the cluster according to a conjugate gradient optimization method, in order to minimize the mean squared deviation between the simulated and experimental polarized and isotropic EXAFS spectra. The adjustment of nuclear configurations is subject to the constraints of minimal displacements of the nuclear positions relative to the initial QM/MM configuration. The underlying computational procedure iteratively adjusts the molecular configuration of the system by conjugate gradient optimization of a scoring function defined in terms of the sum of squared deviations between calculated and experimental EXAFS spectra plus a quadratic penalty factor defined in terms of the squared deviations between the coordinates of the system and the configuration the reference DFT-QM/MM structure to ensure minimum displacements of the nuclear positions relative to a reference DFT-QM/MM structure. Upon convergence, the refined structures provide models that are maximally consistent with high-resolution polarized-EXAFS spectra and the reference QM/MM model, indicating whether the resulting refinement is within the range of error of QM/MM minimum energy configurations, or whether further improvement requires consideration of alternative ligation/protonation schemes.
Computations of isotropic-EXAFS spectra.
Simulations of isotropic-EXAFS spectra are based on the computational protocol reported in our earlier work, 1,2 in accordance with previously published experimental EXAFS data. 10 The oscillatory part of the dipole transition matrix element (or EXAFS data χ(k)) is obtained by using the module FEFF83, explicitly considering atoms within 10 Å of any metal in the OEC (except for the spectra of models I, II, IIa and III from Ref.
[ 11 ] that include only the inorganic core of the OEC, in the absence of the surrounding ligands). The energy axis is converted into the momentum (k) space by using the transformation k = [2 m e (E-E 0 )] 1/2 with E 0 = 6547 eV.
Finally, the spectra in k-space χ(k) are multiplied by a window function w(k), in order to reduce the so-called "side-loop effect" and Fourier-transformed considering the energy range from k=2.2 Å -1 to the iron K-edge at 7100 eV. The function w(k) is defined as a fractional cosine-squared extending over 10 eV at both k-range limits.
When comparing our isotropic-EXAFS spectra to other spectra previously reported in the literature we note that the value E 0 = 6547 eV is only slightly different from the value used by Yano et al. in Ref. [ 11 ] (E 0 = 6543 eV) , or the value reported in Ref.
[ 12 ] (E 0 = 6540 eV), but significantly different from a previously reported value (E 0 = 6563 eV). Also, some of the spectra previously reported (e.g., see Fig. 2 in Ref. [ 12 ] ) are consistent with our isotropic-EXAFS spectra only when assuming they were generated by using E 0 = 6564 eV (see Fig. S10 ) and Fourier transformed to the r-space by using a more reduced range (from k=3.5 Å -1 to the iron K-edge at 7100 eV). The combination of a larger E 0 and a more reduced k-range gives FT-EXAFS spectra of comparable amplitudes for interactions at 1.8 and 2.7 Å (e.g., see Fig. 2 in Ref. [ 12 ] ), while E 0 = 6547 eV and the energy range from k=2.2 Å -1 gives FT-EXAFS spectra with more prominent amplitude for interactions at 1.8 than at 2.7 Å (e.g., see Fig. S6 ).
Computations of polarized-EXAFS spectra. Polarized EXAFS spectra of the PSII single crystal with the e-vector of the X-ray beam parallel to each crystal axis, a, b, c were simulated by using the ab initio real space Green function approach, as implemented in the programs FEFF83 and IFEFFIT. 13 These calculations are also based on the theory of the oscillatory structure due to multiple-scattering, originally proposed by Kronig, 14 and worked out in detail by Sayers, 15 Stern, 16 Lee and Pendry, 17 and Ashley and Doniach. 18 The EXAFS spectra were computed along the a, b and c-axes of the crystal for the OEC structure proposed by the XRD model 1S5L;
3 the empirical models proposed by Yano et al., 11 the DFT-QM/MM model, 1 and the refined (R)-QM/MM model introduced in this paper.
Complete model structures suitable for simulations of polarized-EXAFS spectra along the crystal axes a, b and c of PSII were built by considering that PSII from Thermosynechococcus elongatus crystallizes as a homodimer (the two monomers are related by a non-crystallographic local C 2 axis) in the orthorhombic space group P2 1 2 1 2 1 with four symmetry-related dimers per unit cell. Therefore, the OEC models were positioned with the coordinates of one of the monomers and the coordinates of the companion monomer were calculated by using the local C 2 symmetry operation for the dimeric PSII. The constructed dimer was then replicated into the four symmetry related units within the orthorhombic P2 1 2 1 2 1 crystal unit cell. The FEFF8 calculations were performed with Debye-Waller parameters of 0.002 Å -2 . The energy axis was converted into the momentum (k) space by using E 0 = 6543.3 eV. A window function w(k), defined as a fractional cosine-square window (Hanning) with k=1, was applied to the k 3 -weighted EXAFS data. The windowed spectra obtained in for a grid of k-points, equally spaced at 0.05 Å -1 in the 3.5-11.5 Å -1 k-range, were Fourier transformed (FT) to obtain the FT-amplitudes in the reduced (r) distance r-space. Table S1 . Interatomic distances in the R-QM/MM model of the OEC of PSII, using the atomic labels indicated in Fig. S1 .
Atom Pair
Distances Figure S4: Comparison of the polarized-EXAFS spectra (red), 11 along the crystal axes a, b and c, and the corresponding spectra calculated, as described in the text, by using the coordinates of the XRD model 1S5L (blue). 3 Top and bottom panels compare the calculated spectra obtained by including (top), or neglecting (bottom), the contributions of scattering paths from the proteinaceous ligands. The deviations between calculated and experimental spectra suggest inaccuracies in distances/orientations of metal-metal, or metal-ligand vectors in the 1S5L model. In addition, the calculated EXAFS spectra (blue lines) are similar for the complete 1S5L model (top) and the 1S5L core in the absence of proteinaceous ligands (bottom), indicating that the predominant contributions to the spectra indeed result from scattering paths of the inorganic core, including scattering paths from the metal centers and oxo bridges in the Mn 3 CaO 4 Mn unit. At the same time, these results indicate that electron scattering paths from the ligands also introduce significant contributions to the spectra since the blue lines in the top and bottom panels are slightly different (compare overall amplitudes of the first and second peaks in top and bottom panels). Therefore, realistic simulations of EXAFS spectra of the OEC of PSII must include a complete and reliable description of the ligands coordinated to the metal cluster. Comparison between polarized-EXAFS spectra (red) 11 of the OEC of PSII, along the crystal unit cell axes a, b and c, and the corresponding spectra calculated as described in the text (blue) by using the coordinates of the QM/MM 1,2 and R-QM/MM models (this paper). These results show that the R-QM/MM model adequately describes the polarized-EXAFS experimental data. 10 compared to the calculated spectra (blue) obtained by using the four empirical models of the inorganic core proposed by Yano et al. 11 These results indicate that the models I, II, IIa and III adequately describe the positions of the first and second peaks, although the relative heights of the peaks are not properly described. Furthermore, the third peak is predicted to be at slightly shorter distances, according to the simulation protocol implemented in this paper.
Figure S8:
Comparison between the experimental polarized EXAFS spectra (red), 11 along the crystal unit cell axes a, b and c, and the corresponding spectra calculated as described in the text (blue) by using the coordinates of the four empirical models proposed by Yano et al. 11 These results show that the four models adequately describe the polarized-EXAFS spectra. Comparison of the calculated polarized-EXAFS spectra reported in Ref. [11] (green lines) for model IIa, along the crystal axes a, b and c, and the corresponding spectra calculated as described in the text (blue lines). These results indicate that the computational protocol implemented in our studies reproduces the calculations reported in Ref [11] . Figure S10: (a) Comparison of isotropic-EXAFS spectra reported in Ref. [12] (blue), and the corresponding experimental data, used in our computational studies, obtained Dau and co-workers. 10 (b) Same comparison presented in (a) but after transforming the data χ(k) from Ref. [12] into χ(E), using the transformation E=E 0 +k 2 /(2 m e ) with E 0 =6564 eV and subsequently transforming the resulting spectra back to k-space using E 0 =6547 eV. These results suggest that the spectra reported in Ref. [12] (Fig. 2) are consistent with our isotropic-EXAFS spectra only when assuming they were generated by using E 0 = 6564 eV.
